INTRODUCTION
============

Sphingolipids are mainly present on membrane surface and thereby define the physical and chemical properties of membranes ([@b1-bmb-53-028]). Sphingolipid metabolism involves several intermediate metabolites, including sphingomyelin, ceramide, sphingosine, and sphingosine-1-phosphate (S1P), as well as related enzymes, such as sphingomyelinase (SMase), ceramidase, and sphingosine kinase (SphK), in the biosynthesis and catabolism of sphingolipids ([@b2-bmb-53-028]). Furthermore, sphingolipids have a rapid turnover, and their levels are controlled by the balance between synthesis and degradation in multiple compartments ([@b1-bmb-53-028], [@b2-bmb-53-028]). Sphingolipid metabolites are emerging as important signaling molecules that regulate cell growth, survival, immune-cell trafficking, and vascular and epithelial integrity, and are particularly important in inflammation ([@b1-bmb-53-028], [@b3-bmb-53-028]). Recently, many studies have reported that sphingolipids, together with their corresponding enzymes and receptors, are closely related to the inflammatory process, and have thereby suggested that such sphingolipids are effective drug targets for inflammatory disease treatment ([@b1-bmb-53-028], [@b3-bmb-53-028], [@b4-bmb-53-028]).

Inflammation in the central nervous system (CNS) is called neuroinflammation, and it is a major pathogenesis, which affects neurodegenerative disease onset and progression ([@b5-bmb-53-028], [@b6-bmb-53-028]). Although the ultimate causes of disease development are different, chronic neuroinflammation is a common feature in the progression of several neurodegenerative diseases ([@b5-bmb-53-028]--[@b7-bmb-53-028]). Damage to the CNS parenchyma in several neurodegenerative diseases leads to the activation of microglia and astrocytes and eventually generates a local inflammatory response ([@b8-bmb-53-028]). The activated glial cells clear dead cells and suppress inflammatory molecules, and thereby resolve neuroinflammation via specialized pro-resolving mediators (SPMs) ([@b9-bmb-53-028], [@b10-bmb-53-028]). However, when resolution of inflammation fails, chronic neuroinflammation, which induces excessive inflammatory cytokines and neuronal death, causes the development of chronic neurodegenerative diseases ([@b5-bmb-53-028]--[@b7-bmb-53-028]).

The brain has the highest sphingolipid content ([@b11-bmb-53-028]), and changes in the brain's lipid levels may initiate pathogenic processes in neuroinflammatory diseases ([@b12-bmb-53-028]). Sphingolipids in the brain may be involved in regulating the key intracellular events of cytokine signaling; producing pro-inflammatory eicosanoids; and modulating cellular mechanisms relevant to apoptosis, astroglial activation, and astrogliosis; increasing T-cell migration; and activating several receptor-mediated pathways ([@b12-bmb-53-028]). Several studies have reported that alterations in brain sphingolipid metabolism are associated with neuroinflammatory diseases including Alzheimer's disease (AD) and Parkinson's diseases (PD) ([@b13-bmb-53-028], [@b14-bmb-53-028]). Notably, although there is increasing evidence regarding the biological roles of sphingolipid metabolism in neuroinflammation ([@b15-bmb-53-028]), the mechanistic details remain largely unclear. Here, we address the functions and roles of key bioactive sphingolipids in neuroinflammation and discuss the possibility of sphingolipids as therapeutic options for neuroinflammatory disorders.

SPHINGOLIPID METABOLISM IN NEUROINFLAMMATION
============================================

The cells of CNS possess sphingolipids of various patterns, depending on their cell type, location, and pathophysiological conditions ([@b12-bmb-53-028], [@b16-bmb-53-028]). Sphingolipids are also important in neuroinflammation regulation, and any changes in sphingolipid metabolism occurring in the brain can reportedly cause neuronal cell death ([@b17-bmb-53-028]), glial cell activation ([@b12-bmb-53-028]), and excessive expression of inflammatory molecules ([@b1-bmb-53-028]). Furthermore, several animal models of neuroinflammatory and neurodegenerative diseases, which have a deficit in sphingolipid receptors and enzymes, are employed to demonstrate the functional role of sphingolipid metabolism in neuronal cell death and glial activity ([@b18-bmb-53-028]), cell proliferation ([@b19-bmb-53-028]), and inflammatory mediator production ([@b1-bmb-53-028]). Ceramides were formed in lysosomes by neutral or acid SMase via removal of the head groups of sphingomyelin. Ceramide deacylation by ceramidase is the only pathway to produce sphingosine, and sphingosine can also be reversed to ceramide; this process plays a major role in sphingolipid homeostasis. SphKs, SphK1, and SphK2 phosphorylate sphingosine to generate S1P, which is a key bioactive metabolite in the sphingolipid-to-glycerolipid metabolic pathway ([Fig. 1](#f1-bmb-53-028){ref-type="fig"}). Among the sphingolipid metabolites, the metabolism of ceramide and S1P especially play major roles in neuroinflammation ([@b20-bmb-53-028]). However, current reports on the beneficial versus detrimental roles of ceramides and S1P in neuroinflammation are controversial; therefore, we have focused our discussion on ceramides and S1P during neuroinflammation.

Ceramide
--------

Some researchers have reported that ceramides play pro-inflammatory roles in various diseases, such as pulmonary edema, airway inflammation, cystic fibrosis, and inflammatory bowel disease ([@b4-bmb-53-028]), although another study revealed conflicting findings pertaining to anti-inflammatory effects of ceramides in macrophages, neutrophils, and corneal epithelial cells ([@b12-bmb-53-028]). These contradictory reports are also observed during neuroinflammation. Ceramide regulates multiple neuronal cell mechanisms, including cell death, cellular senescence, and cell differentiation in neurons. Increase in ceramide concentration may induce neuronal apoptosis via diverse mechanisms, including direct generation of reactive oxygen species (ROS), mitochondrial dysregulation, and caspase 3 activation ([@b20-bmb-53-028], [@b21-bmb-53-028]). A study on primary rat astrocytes revealed that ceramide stimulates the expression of pro-inflammatory molecules (TNF-α, iNOS, IL-1β, and IL-6) and activation of NF-κB ([@b22-bmb-53-028]). Reduction in ceramide via SMase knockdown decreases astrocyte activation in the mouse cortex ([@b23-bmb-53-028]). This finding strongly suggests that increased ceramide concentration in CNS can induce neuronal apoptosis and astrocyte activation as well as play a pro-inflammatory role in neuroinflammatory modulation ([@b19-bmb-53-028], [@b24-bmb-53-028]). Similar to astrocytes, SMase of microglia produces long-chain ceramides, C16--C24, with the subsequent activation of the pro-inflammatory transcription factor, NF-κB ([@b12-bmb-53-028]). SMase knockdown could also prevent the induction of pro-inflammatory molecules and activation of NF-κB in microglia, indicating a pro-inflammatory role of ceramide in microglia. Interestingly, short-chain ceramides, which is formed for mimicking the function of naturally occurring long-chain ceramides, exert an anti-inflammatory effect on microglia ([@b25-bmb-53-028]). In rodent lipopolysaccharide (LPS)-stimulated microglia, short-chain ceramides inhibit cytokine and chemokines as well as reduce iNOS and cyclooxygenase-2 (COX2) expression and consequently decrease ROS level. In the microglia, long-chain ceramides mediate pro-inflammatory effects, whereas short-chain ceramides play an anti-inflammatory role; thus, this findings suggest that the function of ceramides depends on acyl chain length and cell types.

S1P
---

S1P plays a prominent role in cellular signaling for maintaining homeostasis, including inflammation, as an intracellular secondary messenger or as an extracellular ligand for the G protein-coupled receptors S1P1--S1P5 ([@b26-bmb-53-028]). CNS cells, including microglia, neurons, and astrocytes, regulate S1P levels via SphK1 and highly express S1PRs, indicating that metabolism and signaling of S1P is associated with neuroinflammation ([@b27-bmb-53-028]). Research regarding the impact of metabolism and signaling of S1P on neuroinflammation was mainly performed in glial cells ([@b27-bmb-53-028]). The reported role of S1P in cell proliferation, migration, and changes in the morphology of astrocytes and microglia suggests a crucial role of S1P in neuroinflammatory conditions ([@b12-bmb-53-028], [@b28-bmb-53-028]). Cellular activation by LPS stimulates SphK1-S1P signaling, which increases SphK1 expression and continuously generates S1P. This, in turn, causes an elevation of cellular proliferation as well as synthesis of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-17) and neurotoxic molecules. ([@b1-bmb-53-028], [@b29-bmb-53-028]). Although S1P treatment induced a pro-inflammatory response, SphK1 suppression reduced this response; this suggests that the production of these pro-inflammatory mediators directly depended on S1P synthesis in glial cells. It has also been shown that knockdown of SphK or S1P receptor reduces astroglial proliferation and gliosis ([@b30-bmb-53-028]). FTY720, the S1P receptor antagonist, when applied to TNF-α-treated human astrocytes, reduced the secretion of monocyte chemotactic protein-1, demonstrating the attenuating effects of proinflammatory response of astrocytes ([@b31-bmb-53-028]). Several studies have suggested that S1P expressed by SphK1 played a role in pro-inflammatory response regulation in glial cells.

SphK
----

SphK 1 and 2 are enzymes that generate S1P, which is the key lipid for inflammation regulation, by phosphorylating sphingosine ([@b1-bmb-53-028], [@b3-bmb-53-028], [@b32-bmb-53-028]). In a recent study, our group reported the novel roles of SphK in neuroinflammation in the AD brain. Unlike microglial SphK1 described in previous studies ([@b12-bmb-53-028], [@b27-bmb-53-028]--[@b29-bmb-53-028]), neuronal SphK1 levels are reduced in neuroinflammatory environments, including AD, without any change in the S1P level ([@b33-bmb-53-028]). We confirmed that the reduction in mRNA expression and SphK activity in AD neurons was higher than that in WT neurons, although there was no significant difference in the expression between microglia and astrocytes. However, SphK2 mRNA expression did not differ among the neurons, microglia, and astrocytes derived from WT and AD mice. Sphingosine and S1P levels were also unchanged in these cells. We also confirmed that the comparable lipid levels between AD and WT mice can be attributed to similar SphK2 expression. Reduction in SphK1 causes defective microglial phagocytosis and dysfunctional inflammation resolution owing to the reduced secretion of SPMs, and thereby exacerbates AD pathology. Increased neuronal SphK1 promoted SPM secretion via acetylation of COX2 serine residue 565 (S565), causing an elevation in microglial phagocytic ability. It also restored amyloid-β (Aβ) phagocytosis of microglia and cognitive deficits in AD mice model. These results suggest that SphK1 level was reduced in AD neurons, and the reduction in SphK1, regardless of S1P level, may affect disease progression and/or pathogenesis, including neuroinflammation ([Fig. 2](#f2-bmb-53-028){ref-type="fig"}) ([@b33-bmb-53-028]). This study also demonstrated a novel effect of SphK1 as acetyltransferase on COX2 expression. SphK1 had acetyl-CoA-dependent acetyltransferase activity, showing an increase in COX2 acetylation in the presence of \[^14^C\] acetyl-CoA. These results revealed the new role of neuronal SphK1, an acetyl-CoA-dependent cytoplasmic acetyltransferase, in COX2 expression. Additionally, this study suggested the specific site of COX2 that is at acetylated by SphK1, namely S565, and the possibility of sphingosine involvement in this reaction. S565 acetylation of COX2 might be induced by sphingosine or a sphingosine intermediate.

When COX2 is acetylated by acetylsalicylic acid (ASA, aspirin) ([@b34-bmb-53-028], [@b35-bmb-53-028]), the acetylated COX2 produces SPMs from arachidonic acid, eicosapentaenoic acid, and docosahexaenoic acid ([@b36-bmb-53-028], [@b37-bmb-53-028]). SPMs are potent pro-resolving mediators, which reduce immune-cell infiltration and pro-inflammatory factors and increase anti-inflammatory mediators, phagocytosis, and tissue regeneration ([@b36-bmb-53-028]--[@b38-bmb-53-028]). Similar to aspirin-triggered COX2 acetylation, S565 COX2 acetylation by SphK1 produces more SPMs, resulting in the resolution of neuroinflammation and regulation of microglial function ([@b33-bmb-53-028]). These results reveal the novel roles of SphK1 in neuroinflammation, which leads to S565 acetylation of COX2 and secretion of SPMs. Accordingly, we believe that either sphingosine or a sphingosine intermediate participates in this mechanism, which suggests the feasibility of using SphK1-mediated COX2 acetylation as a novel potential therapy for neuroinflammatory diseases, including AD, in the future.

Overall, these findings suggest that sphingolipids are implicated in neuroinflammation in different pathophysiological conditions ([@b1-bmb-53-028], [@b3-bmb-53-028]). Ceramide is increased in neuroinflammatory environments and is associated with neuronal apoptosis and glial activation ([@b12-bmb-53-028], [@b24-bmb-53-028]). During neuroinflammation, the acyl chain length of ceramides is different in microglia, in that the long-chain and short-chain ceramides mediate pro-inflammatory and anti-inflammatory effects, respectively ([@b12-bmb-53-028], [@b39-bmb-53-028]). S1P is also elevated by SphK1 in glial cells during neuroinflammation, which consequently stimulates pro-inflammatory responses ([@b26-bmb-53-028]). During neuroinflammation, neuronal SphK1 level reduces, which, in turn, decreases S565 COX2 acetylation and SPM secretion, and thereby causes the failure of neuroinflammatory resolution ([@b33-bmb-53-028]). All these findings suggest that sphingolipids play a pivotal role in neuroinflammation and should therefore be considered in the etiological studies of neuroinflammation and neurodegenerative diseases as well as their progression ([Fig. 3](#f3-bmb-53-028){ref-type="fig"}).

POTENTIAL THERAPEUTIC INTERVENTION IN SPHINGOLIPID-INDUCED NEUROINFLAMMATION
============================================================================

Several experiments have revealed the importance of sphingolipids in neuroinflammation. The discovery of sphingolipid mechanism stimulated considerable clinical interest on sphingolipid metabolites and their role in cell signaling during neuroinflammatory diseases ([@b1-bmb-53-028]). This suggests that bioactive sphingolipids are associated with neuroinflammatory diseases and may be potential therapeutic targets. Furthermore, alteration of sphingolipid metabolism during early disease stage might prove to be potential biomarkers of neurodegenerative disorders.

Alzheimer's disease
-------------------

AD is the most common cause of dementia and is characterized by cognitive decline, caused by the accumulation of extra- and intra-cellular Aβ plaques and hyperphosphorylated tau ([@b40-bmb-53-028], [@b41-bmb-53-028]). The studies conducted on postmortem brain tissues have revealed excessive chronic inflammation in the plaque area. A key phenomenon underlying AD-related neuroinflammation is the proliferation and accumulation of microglial cells around plaques, which results in the expression of pro-inflammatory cytokines and chemokines as well as neuronal cell death ([@b42-bmb-53-028]--[@b44-bmb-53-028]).

Aβ increases ceramide levels by activating SMase, and thereby contributes to apoptosis. For AD pathogenesis, sphingomyelin hydrolysis induced by Aβ is the main source of ceramides, followed by an increase in SMase level during AD progression ([@b45-bmb-53-028]). Moreover, an imbalance in ceramide metabolism, which potentially decides the fate of brain cells, reportedly occurs during early stage of AD. Thus, anti-ceramide immunity might suggest a novel potential diagnosis and therapy for neuroinflammatory diseases, including AD ([@b20-bmb-53-028]). Moreover, SphKs and S1P levels can be downregulated by Aβ ([@b20-bmb-53-028], [@b33-bmb-53-028]). The S1P levels were reduced with an increasing Braak stage in tissue samples obtained from the CA1 region of the hippocampus or from the gray and white matter areas of the inferior temporal gyrus ([@b46-bmb-53-028]). AD brain shows an increase in S1P lyase and S1P-metabolizing phosphatases ([@b47-bmb-53-028]). In our study, we showed that SphK1 but not S1P expression was reduced in AD neurons ([@b33-bmb-53-028]). Many researchers have demonstrated a reduction in SphK level during AD, indicating the importance of SphK in AD progression and/or pathogenesis.

Salter *et al*. and Ulland *et al*. reported microglial dysfunction, including elevated pro-inflammatory markers and defective phagocytic function in AD ([@b48-bmb-53-028], [@b49-bmb-53-028]). The capacity of microglial phagocytosis in AD can be improved, which may provide a novel approach to AD therapy in the future ([@b50-bmb-53-028], [@b51-bmb-53-028]). In AD neurons, we reported the loss of SphK1 activity as well as a reduction in S565 COX2 acetylation and SPM secretion, which led to a decrease in microglial phagocytosis and caused the failure of inflammatory resolution ([@b33-bmb-53-028]). Overexpression of SphK1 in AD mice increased phagocytosis and anti-inflammatory markers, and decrease in pro-inflammatory marker levels occurred owing to the restoration of microglial function via COX2 acetylation-derived SPMs. During AD, these results suggest that neuronal SphK1 regulates microglial function via COX2 acetylation and SPM secretion ([@b33-bmb-53-028]). Furthermore, on conducting further studies, we discovered an intermediate between SphK1 and COX2 in SphK1-mediated COX2 acetylation, which ultimately led to SPM secretion. This intermediate resolved neuroinflammation and positively regulated microglia, which in turn caused an improvement in AD pathology. This suggests that the intermediate of SphK1-mediated COX2 acetylation affects microglial function and phenotype; thus, it may be a promising agent for AD treatment.

COX2 is the main enzyme involved in an inflammatory environment, which induces the synthesis of pro-inflammatory prostaglandins and cytokines ([@b52-bmb-53-028]). Therefore, COX2 inhibition was considered to be a therapeutic strategy for inflammatory diseases, including AD ([@b53-bmb-53-028]). Among the various COX2 inhibitors, only aspirin can generate SPMs via COX2 acetylation as well as block pro-inflammatory pathway via COX2 inhibition ([@b54-bmb-53-028]). However, the use of aspirin on AD patients did not improve pathology ([@b55-bmb-53-028], [@b56-bmb-53-028]), and these results can be attributed to multiple functions of aspirin, including inhibition of COX1 and COX2 as well as COX2 acetylation ([@b57-bmb-53-028]). Recently, our study demonstrated that COX2 acetylation decreased in AD neurons, and it is modulated by neuronal SphK1. Although neuronal SphK1 regulates COX2 acetylation and SPM secretion, it did not affect the expression of COX2 mRNA and protein ([@b33-bmb-53-028]). These results suggest that SphK1-mediated COX2 acetylation is a novel therapeutic strategy for neuroinflammatory diseases such as AD.

When Aβ and tau are deposited at a high concentration in the brain, positron emission tomography is used for detecting Aβ and tau aggregates in order to diagnose AD ([@b58-bmb-53-028]). However, it is difficult to diagnose the disease before the proteins aggregate. Alteration in sphingolipids begins to occur at very early stages of AD pathogenesis, perhaps before amyloid plaques are formed; this suggests that sphingolipids may be a promising therapeutic target and useful in the diagnosis of AD at preclinical stages. Oligomerized Aβ peptides in AD brain promote ceramide formation during early AD stages ([@b20-bmb-53-028]). Moreover, SphK1 deceases before Aβ aggregation occurs. In thioflavin S staining, Aβ plaques begin to appear in AD mice at the age of 6 six months, which consequently leads to a reduction in neuronal SphK1 level and activation of glial cell in AD mice ([@b33-bmb-53-028]). These results indicated that reduction in neuronal SphK1 occurred before Aβ aggregation, which led to activation of glial cells in APP/PS1 mice; hence sphingolipid metabolites, including ceramide and SphK1, can be considered for diagnosing neuroinflammation at early AD stages. Several studies regarding sphingolipids and AD have suggested that sphingolipids, including ceramide and SphK, can be useful and accessible AD biomarkers as well as potential therapeutic targets.

Parkinson's disease
-------------------

PD is a complex neurodegenerative disorder that mainly affects the motor system, causing bradykinesia, rigidity, tremors, postural instability, chronic fatigue, anxiety, and apathy. PD is characterized by the progressive loss of dopaminergic neurons in the substantia nigra and striatum. The main histopathological hallmark of PD is the aggregation of diverse proteins such as α-synuclein in CNS cells, which results in the formation of Lewy bodies and Lewy neurites. Although the loss of dopaminergic neurons was the principal cause of PD, glial activation that occurred during nigrostriatal dopaminergic system damage has been proved to be a major factor for PD progression ([@b59-bmb-53-028]--[@b62-bmb-53-028]).

Recent researches have presented the correlation between sphingolipids and PD, although further studies are warranted. Disturbances in sphingolipid metabolism, including altered ceramides and SphK1 levels, are reported in postmortem PD brain tissues. The ceramide levels were significantly higher, but the expression and activity of SphK1 was reduced in PD ([@b20-bmb-53-028]). Interestingly, PD is similar to AD in terms of disturbances in sphingolipid metabolism. Based on the studies conducted on AD, ceramide inhibition and induction of SphK1-mediated COX2 acetylation can be proposed as a possible means of PD therapy.

CONCLUSION
==========

In this review, we obtained the biophysical and biochemical properties of sphingolipids in neuroinflammation, and they can be used in new therapeutic and diagnostic approaches for diverse neuroinflammatory diseases. Sphingolipids have gained popularity because several researches have highlighted their implications in neuroinflammation. This dramatic increase in the understanding of sphingolipids and neuroinflammation has led to the development of several novel drugs. In neuroinflammatory diseases, such as AD and PD, the levels of ceramides and SphK are altered, which impacted disease pathogenesis. We propose that ceramide inhibition and induction of SphK1-mediated COX2 acetylation are potential targets for the diagnosis and therapy of neuroinflammatory disease. Future researches can guide drug development for regulating specific sphingolipid-mediated functions that are important in the pathogenesis of human neuroinflammatory diseases.
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![Sphingolipid metabolism and interconnected bioactive sphingolipid metabolites. The various enzymes that mediate interconversion between various bioactive lipids are localized with the lipids themselves. Ceramide is produced from sphingomyelin by SMase. Ceramide can be hydrolyzed to sphingosine, which is then phosphorylated to sphingosine-1-phosphate (S1P) by sphingosine kinase (SphK).](bmb-53-028f1){#f1-bmb-53-028}

![The role of neuronal SphK1 in neuroinflammation. (A) Left, the role of SphK1 as an ATP-dependent lipid kinase that catalyzes the conversion of sphingosine to S1P, which in turn generates cellular responses including proliferation, angiogenesis, and migration. Right, the novel role of SphK1 as an acetyl-CoA dependent acetyltransferase with activity directed toward COX2, using sphingosine as the substrate. These enzyme activities induce SPM secretion, resulting in the resolution of neuroinflammation. (B) In neuroinflammatory environments, including those with the presence of Aβ, neuronal SphK1 decreases, which impairs S565 acetylation of COX2 and reduces SPMs secretion. Decreased SPM secretion in neurons reduced the number of microglia with a phagocytic phenotype.](bmb-53-028f2){#f2-bmb-53-028}

![Changes in bioactive sphingolipid levels observed during neuroinflammation. Numerous observations in neuroinflammatory environments demonstrate changes in sphingolipid levels. Ceramide is increased in the neurons and glial cells of neuroinflammatory environments. S1P expressed by SphK1 is elevated in the neuroinflammatory environments of glial cells. Neuronal SphK is reduced, regardless of S1P alternations.](bmb-53-028f3){#f3-bmb-53-028}
